The structure of adenovirus transcripts in the nuclei of infected cells has been studied. Evidence is presented for the existence in the steady-state population of nuclear RNA of two classes of adenovirus type 2 (Ad2)-specified large transcripts. The minor class consisted of molecules containing 3' poly(A), 5' cap structures and internal methylated nucleotides. Leader sequences at the 5' end of these large poly(A) ÷ transcripts were identified and characterized by S 1 hybridization analyses on alkaline agarose. They represented a spectrum of intermediates which ranged from completely unprocessed (5' end at 16.5) to completely condensed (5' end at 26.5) forms. S1 hybrid analyses located 3' ends of large poly(A) + nuclear RNA at 39, 50 and 61.5 on the Ad2 map. A fraction of these nuclear molecules consisted of transcripts that had undergone processing at both 3' and 5' ends of mRNA-coding regions since S1 bands corresponding to mature mRNAs for late proteins 52,55K, III, pVI and hexon, as well as 72K early protein were detected. The major class (75 to 85 %) of large nuclear transcripts was not polyadenylated, but did contain capped leader sequences. These molecules yielded discrete bands, by S 1 analysis, whose 3' termini could be positioned at sites corresponding to 5' ends of cytoplasmic mRNA (e.g. 47, 50, 51.5 and 66.5). The possible significance of these poly(A)-RNAs to the transcriptional programme of Ad2 is discussed.
INTRODUCTION
Late in productive infection, the rightward-reading strand of adenovirus type 2 (Ad2) DNA serves as the template for a set of mRNAs which arise from a single transcription unit (TU) covering at least 75 % of the virus genome. Analyses of nascent RNA labelled both in vivo and in vitro, and u.v. inactivation mapping demonstrated that the synthesis of the large precursor initiates at coordinate 16.5 and continues to beyond 91-5, the 3' end of the fibre mRNA (Bachenheimer & Darnell, 1975; Evans et al., 1977; Goldberg et al., 1977 Goldberg et al., , 1978 Nevins & Darnell, 1978 b; Weber et al., 1977; Ziff & Evans, 1978) . The map position of the T1 oligonucleotide containing the 5' terminal cap modification of mRNA has been positioned at 16.5 Klessig, 1977; Ziff & Evans, 1978) as has the first component of the tripartite leader RNA (Ziff & Evans, 1978) . The location of sequences found most proximal to the 3' poly(A) of cytoplasmic mRNAs has been positioned at five locations having coordinates 39, 50, 61.5, 78 and 91.5 (Chow et al., 1977 b, Chow & Broker, 1978 Frazer & Ziff, 1978; McGrogan & Raskas, 1978; Nevins & Darnell, 1978a) . The number of 3' ends thus identified stands in contrast to the dozen or more mRNA species identified by hybridization of gel-fractionated poly(A)-containing RNA to ordered sets of restriction fragments of Ad2 DNA (McGrogan & Raskas, 1977) . These results have been reconciled by the finding that cytoplasmic virus-specific mRNA derived from the 0022-1317/81/0000-4432 $02.00 © 1981 SGM EDTA-saturated phenol at 55°C, followed by extraction with a 1:I mixture of phenol/chloroform, two extractions with chloroform and precipitation with 2 vol. ethanol.
Size fractionation of nuclear RNA. Purified RNA was resuspended and denatured in dimethyl sulphoxide (DMSO) as previously described (Bachenheimer, 1977) and centrifuged for 15 h at 21500 rev/min in the SW27 rotor. Fractions containing RNA > 32S (as judged by absorbance at 260 nm) were pooled and precipitated with ethanol.
Fractionation of RNA based on poly(A) content. Purified RNA was resuspended in 0.4 M-NETS (400 mM-NaC1, 10 mM-tris pH 7.4, 10 mM-EDTA, 0.2% SDS) and passed through a poly(U)-Sepharose (PUS) column. The column was washed with 0.4 M-NETS to remove non-poly(A)-containing RNA. The 0.4 M-NETS wash fraction was diluted 1 : 2 with ETS, and the 90% formamide eluate fraction was diluted 1 : 3 with 0.2 M-NETS; yeast RNA as carrier was added to the latter, and both were ethanol-precipitated.
Gel electrophoresis. Purified RNA samples were resuspended in 25 /A ETS, diluted 1:2 with 100% formamide and electrophoresed through composite 1.2% acrylamide, 0.2% agarose gels in E buffer (50 mM-sodium acetate, 40 mM-tris pH 7.8, 1 mM-EDTA) until the bromophenol marker dye was 2 cm from the bottom. Gel slices (2 mm) were soaked overnight to elute RNA and aliquots removed for determination of total ct/min or virusspecific ct/min.
DNA filter hybridization. Virus-speclfic RNA was assayed by hybridization to filterimmobilized viral DNA as previously described (Bachenheimer, 1977) . S1 hybridization analysis. Large virus-specific nuclear RNA was analysed by the SI hybridization technique on alkaline agarose gels as described by Berk & Sharp (1977) . In vivo 32p-labelled Ad2 DNA had specific activities of 0.6 x 106 to 1.0 × 10 6 ct/min/pg. A 10 to 35 ng amount of labelled DNA was used in each hybridization reaction with either 5 #g total poly(A)-RNA [approx. 5 ng viral RNA assuming that poly(A)-viral transcripts constitute 0.1% of total high mol. wt. nuclear RNA] or 10 ng poly(A) + RNA [approx. 5 ng viral RNA assuming that viral transcripts account for 50 % of total poly(A) + HnRNA].
Detection of cap and internal methylated nucleotides. PUS fractions of _>32S 32P-labelled nuclear RNA were resuspended in 0.1 M-NETS and cleaved with 100 mM-NaOH at 0 °C for 45 min, neutralized and then hybridized to 40 to 60 gg of filter immobilized DNA in 1 M-NaC1, 2% SDS, 50 mM-tris pH 7.4, 5 mM-EDTA for 3 h at 75 °C, followed by an additional 30 h incubation as the bath temperature was allowed to slowly drop to room temperature. The filters were washed in three changes of 4 x SSC (600 mM-NaC1, 60 mM-sodium citrate), digested for 15 min with T1 RNase at room temperature, washed in three changes of 4 x SSC at room temperature and in iodoacetate buffer (100 mM-sodium acetate, 150 mM-sodium iodoacetate pH 5.3) for 2 h at 37 °C. RNA was eluted in three sequential 2 min boilings in 10 mM-tris pH 7.4, 0.2% SDS, 20 pg/ml yeast RNA, and precipitated with ETOH containing 100 mM-sodium acetate. Virus-specific RNA was resuspended in ET (10 mM-EDTA, 10 mM-tris pH 7.4) and digested with 100/~g/ml pancreatic RNase and 100 /~g/ml T2 RNase for 2 h at 37 °C. The digest was diluted 1:100 in 10 mM-tris pH 7.8, 20 mM-NaC1 and loaded on to a 5 ml DE-52 column equilibrated in the same buffer. The column was washed with 20 ml buffer before loading 500 #g yeast RNA digested for 15 min with pancreatic RNase as an absorbance marker. The Column was developed with a linear 200 ml gradient of 20 to 300 mM-NaCi in 10 mM-tris pH 7.8, 7 M-urea. Column fractions were counted in a Triton-based scintillation fluid.
RESULTS

Size distribution of poly(A) + and poly(A)-virus-specific nuclear RNA
In a previous report (Bachenheimer, 1977) Ad2-specific large nuclear RNA was described which accumulated late in productive infection of HeLa cells. Pertinent to the present paper S. L. BACHENHEIMER were two findings. (i) Late nuclear RNA accumulates as a composite of two populations of molecules: one with a broad size distribution centring on 45 S under non-denaturing conditions and < 32S after denaturation, and a second having a narrower size distribution centring on 35S which was quite stable to the action of DMSO.
(ii) Hybridization of size-fractionated RNA to the EcoRI.A fragment or Sma fragments of Ad2 DNA suggested that the bulk of the 35S RNA is derived from the region 18.5 to 51.1 (Sma fragments B, I and D)on the physical map (Bachenheimer, 1977; S. L. Bachenheimer, unpublished data) . Two additional experiments confirmed and refined these findings. Figs. 1 and 2 represent gel profiles of PUS fractions of nuclear or cytoplasmic RNA from infected cells. In Fig. 1 , poly(A)-containing nuclear and cytoplasmic RNA were co-electrophoresed. RNA was eluted from gel slices and assayed for total ct/min in 1/20 aliquots of each fraction (Figs. 1 a) and virus-specific ct/min in the remainder of each fraction (Fig. l b) . Nuclear poly(A) ÷ virus-specific RNA was composed of species primarily ___ 32S in size, with some species co-electrophoresing with cytoplasmic poly(A) + mRNA in the region 18S to 28S. Cytoplasmic poly(A) + virus-specific RNA consisted of a number of size classes ranging from 9S to 28S consistent with other published analyses (McGrogan & Raskas, 1977; Philipson et al., 1974) .
Nuclear poly(A)-virus-specific RNA (Fig. 2) , however, contained primarily a high mol. wt. (Bachenheimer, 1977) consists primarily of nonpolyadenylated RNAs of approx. 8 to 10 kilobases (kb) in size.
Cap and methylated dinucleotide content of poly( A ) + and poly( A )-A d2 nuclear RNA
Adenylated and non-adenylated virus-specific nuclear fractions were prepared from 32p-labelled RNA originally sedimenting >32S as described in Methods, and analysed for their content of cap structure (measured as ct/min eluting in the '-5' fraction) and internal methylated bases (measured as ct/min eluting in the '-3' fraction) on DEAE-ceUulose. Fig. 3 illustrates the elution from DEAE columns of T2 plus pancreatic RNase digests of poly(A) + (Fig. 3 a) and poly(A)- (Fig. 3 b) virus-specific RNA. Assuming that the cap structure eluring in the '-5' position contains five phosphate groups (Schibler & Perry, 1976) , an average chain length based on the number of ct/min in the '-5' and '-2' (unmethylated mononucleotide) peaks can be determined. For both the poly(A)-and poly(A) + RNAs, this value was approx. 10600 bases: 10564 bases for poly(A) + RNA and 10575 bases for poly (A)-RNA. These values correspond quite well to the approximate mol. wt. for the RNAs as determined by gel electrophoresis ( Fig. 1 and 2 ). In an analogous fashion the average methylated dinucleotide content ('-3' peak) was found to be 1 per 330 bases for poly(A)-RNA and 1 per 420 bases for poly(A) + RNA. The material eluting at the '--4' position has been seen in a previous study (Sommer et al., 1976) , and probably represents 2'-O-methylated dinucleotide from a small amount of contaminating ribosomal RNA. 
Leader sequences in poly( A ) + and poly( A )-A d2 nuclear RNA
To determine whether poly(A) + and poly(A)-Ad2-specific nuclear RNAs contain leader sequences at their 5' ends, unlabelled RNA preparations were hybridized to 32p-labelled restriction fragments of viral DNA. The resulting DNA-RNA hybrids were subjected to S1 nuclease digestion, and the nuclease-resistant DNA analysed on alkaline agarose gels according to the procedure of Berk & Sharp (1977) . The size of the resulting single-stranded (ss)DNA bands, detected by autoradiography, is a function of two parameters. The first is the extent to which the hybridizing RNA is a co-linear transcript of the complementary strand of the restriction fragment, since at every splice point in the RNA, a DNA loop-out will occur in the hybrid and be susceptible to nuclease attack. The second is the location of the ends of the restriction fragment in the context of the physical map of the transcriptional unit, since depending on the choice of restriction fragment, the end(s) of the transcript may extend beyond the probe DNA, or the end(s) of the probe DNA may extend beyond the transcript. Illustrated in Fig. 4 are the effects of these parameters on DNA single strands resulting from hybridization of either the Barn. B (0 to 29.1) or HinIII. B (I 7 to 31.5) fragment to the promoter proximal end of the large nuclear precursor of late Ad2 mRNA. The region of the genome represented by these two fragments contains the sequences of the three components of the leader, and the precursor RNA is depicted in three possible sequential processing intermediates (A, B and C). The hybridization of either fragment to the three RNAs would yield a set of three ssDNAs each containing at or near their 3' end a sequence complementary to a different leader component. However, coordinate pairs of ssDNA derived from the two restriction fragments are of different size due to the extent to which the original fragments either overlapped the 5' end of the transcript or extended downstream beyond the third leader component. 9), while the hybridization with poly(A) + RNA resulted in a series of bands with approx, chain lengths of 3.3, 2.6, 1.5, 1.26, 1.15 and 0.9 kb (lane 8). The 0.9 kb band was predicted (Fig. 4) for hybridization with nuclear RNA which has undergone complete splicing of leader sequences. These results indicate the presence of leader sequences at the 5' end of both poly(A) + and poly(A)-transcripts, and indicate that a series of possible leader sequence processing intermediates can be found in large nuclear RNA (see Table 1 for a summary).
Location of termini of poly (A) + and poly(A)-Ad2 nuclear RNA
The locations on the physical map of Ad2 of termini of poly(A) + and poly(A)-nuclear transcripts were determined by S1 hybridization analyses. DNA probes were overlapping restriction fragments generated by EcoRI, BamHI and HpaI. Since the map coordinates of processing sites for m R N A [e.g. poly(A) addition sites and attachment sites for the tripartite leader to 'main body' 5' ends] have been previously determined (Chow & Broker, 1978; Frazer & Ziff, 1978 ; M c G r o g a n & Raskas, 1978; Nevins & Darnell, 1978a) predictions about the sizes of S1 bands resulting from hybridization of nuclear R N A to restriction fragments can be made. F o r example, if one of the species of poly(A) + nuclear R N A had a 3' end corresponding to the 3' end of hexon and pVI m R N A s at 61.5 (Chow et al., 1977b) , then S1 hybridization analyses would predict nuclease-resistant s s D N A s of approx. 1750, 
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and 875 bases when H p a . B , E c o . B and B a m .
A were used as probes. Bands with these approximate chain lengths were indeed seen in results to be described (Fig. 6, 7 and Table 2 ).
Position 29.1 to 59.0
The region of the Ad2 physical map between 29.1 and 59.0 contains the 3' termini of 52,55K and I l i a m R N A s at 39.0, and III, pVII and penton m R N A s at 50.0 . The position of the 3' ends failing in the region 29.1 to 50.0 was determined by hybridization of nuclear R N A , which was denatured by DMSO and selected as sedimenting >32S before poly(U)-Sepharose fractionation, to fragments B a m . D (29.1 to 40.9) and Bam.C (40.9 to 59.0). As seen in Fig. 6 and summarized in Table 2 , Bam.D detected two poly(A) + nuclear transcripts with 3' ends at 39.0: the larger of the two corresponded to transcripts with 5' ends to the left (promoter proximal) of 29.1, or alternatively a large form of 55,52K mRNA (3460 bp) and the other, a smaller form of 55,52K mRNA with its 5' end at 30-7 (2900 bp). A small and very faint S1 band of approx. 1200 bp probably corresponds to the 5' end of III mRNA mapping at 37.5 (see BamHI.C results below). Transcripts with termini beyond the promoter proximal and distal sides of Bam.D (4130 bp) were also detected among both poly(A) + and poly(A)-RNA. Fig. 6 also displays the S1 bands resulting from hybridization of nuclear RNA to the Barn.C fragment. A band of approx. 3185 bp was detected after hybridization with poly(A) + RNA corresponding to transcripts with promoter proximal 5' ends and the 3' end of III, pVII and penton mRNAs at 50.0. A small fraction of the transcripts which gave rise to this band probably represent mature III mRNA, as suggested by the faint band (1200 bp) seen with Bam. D, while the majority must represent transcripts whose 5' ends extend back to the left of 29.1 into the leader sequence region (see below). S1 bands of 2625 and 2975 bp corresponding to the 5' ends of hexon mRNA at 51.5 and pVI mRNA at 50.5 respectively and a transcript with termini outside of the Bam. C coordinates (6335 bp) were also detected in poly(A) + RNA. Finally, a band of 3470 bp was detected which could not be positioned, but might represent an intermediate in the maturation of pVI or hexon mRNA with a 5' end at 49.0. Poly(A)-nuclear RNA yielded a complex pattern of S 1 bands with Barn. C. As well as RNA with termini promoter proximal . The data presented in Fig. 7 and Table 2 One technical problem that arises in the use of the S1 technique, especially when rather large 32p-labelled DNA fragments are used, is the high background radioactivity resulting from breakdown of the probe due to radioactive decay. While this may result in obscuring relatively rare S 1 bands, the observable bands must arise by hybridization of discrete RNA species to DNA which remained intact through the hybridization, $1 nuclease digestion and electrophoresis steps. It should also be emphasized that while precise quantification of the fraction of nuclear RNA represented by each different transcript species is not possible, the observed bands must at least be representative of the more prevalent transcripts in both the poly(A) + and poly(A)-classes, since hybridization was not performed in DNA excess (see Methods).
DISCUSSION
The results presented in this paper have identified non-polyadenylated transcripts as the predominant steady-state species of adenovirus-specified high mol. wt. nuclear RNA. This conclusion rests upon the identification of distinct poly(A) + and poly(A)-populations. The following evidence supports this identification. (i) Profiles of total virus-specific nuclear RNA after fractionation on PUS and gel electrophoresis are distinctly different for poly(A) + (90% formamide eluate) and poly(A)-(0.4 M-NETS wash) RNAs ( Fig. 1 and 2 ). The former contains at least 4 to 5 peaks of viral RNA ranging from 2.2 x 106 to 7.5 x 106 mol. wt., corresponding to chain lengths of 5-9 to 20 kb. Poly(A)-nuclear RNA on the other hand consists primarily of one peak of 3 x 106 and shoulders containing molecules ranging from 1.9 to 4.7 x 106 mol. wt. The chain length of the predominant peak is about 8 kb. (ii) Most, if not all, high mol. wt. (selected as >32S) viral RNAs contain cap at their 5' ends (Fig. 3 ). This conclusion is based on the close agreement of the value for the average chain length determined from gel electrophoresis. (iii) Of the 15 different S1 bands detected by hybridization of nuclear RNA to five different restriction fragment probes (Table 2) , four were unique to poly(A)-RNA and six were unique to poly(A) + RNA.
The experiments presented here do not show how poly(A)-transcripts become the predominant high mol. wt. viral species. One possibility is that the bulk of viral transcripts are not adenylated and that both poly(A) + and poly(A)-molecules turn over with similar rates. The other possibility is that without specifying the fraction of RNA that becomes adenylated, poly(A) + transcripts simply turn over faster than poly(A)-transcripts.
The known positions on the Ad2 physical map of 3' and 5' ends of mRNA-coding sequences, and splice points between leader sequence and the 5' ends of mRNA, have been immediately downstream polyadenylated mRNA sequence. Several lines of evidence suggest that leader sequence is encoded only once per large nuclear transcript Ziff & Evans, 1978) , so that an additional source of leader sequence would become necessary to complete the processing of that previously adjacent poly(A) + mRNA sequence.
A possible source of leader sequence would be a pool of relatively short transcripts (approx. 3-5 kb) which span the 16.5 to 26.5 region of the Ad2 map. There is evidence for hypertranscription of the promoter proximal sequences of the major late transcription unit. Both Weber et al. (1977) and Evans et al. (1977) have noted increased transcription relative to more downstream sequences, of the region between 11 and 31, by labelling nuclei in vitro. Enhanced transcription has also been noted in vivo (Evans et aL, 1979) .
A third explanation for these poly(A)-transcripts is that they represent the residuum of an early phase of transcription utilizing the late promoter at 16.5. Analyses of cytoplasmic viral mRNAs collected at early times in infection, or in the presence of inhibitors of protein or DNA synthesis indicated the occurrence of poly(A)-containing transcripts with spliced 5' ends originating at the 16.5 late promoter, attached to bodies with coordinates 30 to 39. These mRNAs often contained a leader sequence mapping at position 23 in addition to the normal tripartite leaders from 16-5, 19-5 and 26.5 . A second electron microscope study (Kitchingham & Westphal, 1980) of nuclear RNA synthesized at early times, noted the presence of spliced nuclear transcripts with 5' ends at 16.5 and body sequences whose 3' ends extended to 35, 40, 45 or 60. These molecules were also distinguished from true late cytoplasmic transcripts by the frequent appearance of an extra leader sequence at 23. Recent hybridization experiments have substantiated these findings by noting the utilization of the major late promoter at early times, yielding transcripts which extend to the 3' end of the pVI and II mRNAs at 61.5, but with the selective appearance of only 55K and 52K mRNAs, having 3' ends at 39.0 in the cytoplasm (A. Shaw & E. Ziff, personal communication). If nuclear transcripts originating from the late promoter at 16.5 are inefficiently or selectively utilized to generate mRNA, non-polyadenylated transcripts containing leader sequences might accumulate and persist into late times of infection.
